Abstract: Swelling behaviours of poly(4-vinyl phenol) (P4VPh) hydrogel in various kinds of mixed solvents (methanol, ethanol, 2-propyl alcohol, t-butyl alcohol, acetone, acetonitrile, dioxane, THF and DMSO) have been investigated. With increasing the organic solvent content, the gel first significantly deswelled and then reswelled via lowest swelling points (10-60 vol.% depending the solvent species), and finally showed a second deswelling in the highest content region (typically ≧ 80 vol.%). The rather unique swelling-deswelling sequence was not reproduced when the solvent content was decreased; namely, the backward swelling curves obtained with increasing water composition in the mixed solvents first followed the forward one until the lowest swelling points, then, however, continued the deswelling trend without recovering the initial swelling state in water. This remarkable hysteresis as well as the reentrant swelling with the extra second deswelling has been interpreted in terms of the intermolecular interactions, i.e., hydrogen bonding between the phenol OH groups and the π-π stacking of the phenol rings, by referring to the corresponding results of poly(vinyl alcohol) (PVA) gel system.
Introduction
Poly(N-isopropyl acrylamide) (PNIPA), the most typical thermo-responsive polymer, has been extensively studied on the temperature-induced phase separation in aqueous medium [1] [2] [3] [4] as well as on the corresponding volume phase transition of the chemically crosslinked gel [5] [6] [7] [8] [9] [10] . The mechanism for the phase separation, which is derived from the coil-globule transition, has been elucidated by an FT-IR/2D-IR spectroscopic study on the aqueous solution of PNIPA [11] . According to that, it occur accompanying two kinds of dehydrations involved with the hydrophobic interaction among the main chain and/or the methyl groups and hydrogen bonding formation between the amide groups. The perturbation of the polymer hydrations which underlies the conformational transition, has also been suggested to be a cause for the reentrant phase behaviour [12] [13] [14] [15] [16] [17] [18] [19] and gel swelling [20] [21] [22] of PNIPA observed in aqueous organic solvent mixtures; F.Tanaka et al. proposed a theoretical model for the coil-globule transition that postulates a cooperative hydration on the pertinent polymer [23] and extended it to mixed solvent systems [24, 25] such as aqueous methanol by introducing a competitive hydrogen bonding of solvents to polymer. Both models seemed to reproduce the experimental results, while the success of the latter for mixed solvent systems was only limited to aqueous alcohol systems because in other organic solvent systems such as aqueous acetone a characteristic second deswelling has been found in the organic solvent-rich region [26] . Further, the latter model neglected the water/solvent interactions that must be significant; e.g., it has been well known that aqueous ethanol, which shows essentially the same phase behaviour for PNIPA as in aqueous methanol, contains hydrated clusters with the hydrophobic group exposed to enhance the hydrophobicity of the mixed solvent [27] . The competitive HB model seems to be also inconsistent with an NMR study that revealed that EtOH in the lower content region where a significant coil-globule transition occurs but does not solvate PNIPA [28] .
The reentrant behaviours for polymer phase separation and gel swelling, or cononsolvency in the aqueous mixed solvent systems, have been reported and studied almost exclusively on PNIPA and the related poly(acryl amide) derivatives [29, 30] . A few reports are, however, also available on the other polymer gel systems, e.g., poly(2-methacryloyloxyethyl phosphorylcholine) [31] and poly(N-vinyl pyrrolidone) (PVP) [32] . In the former case, an appreciable reswelling following a significant deswelling was observed in a rather high alcohol content region (e.g. ≧90 vol.% for ethanol). The deswelling and the reswelling were ascribed to dehydration and solubilization of the polymer by alcohol, respectively. For the PVP gel system, a correlation between the swelling degree and Gutmann-Mayer's Acceptor Number (AN) [33] of organic solvents was observed. Namely, the gel showed more significant deswelling in aqueous organic solvent mixtures of lower AN values. This apparent dependency on AN suggested that the solvation to the carbonyl group, rather than to the other hydrophobic moiety, is dominating for the gel swelling. The reswelling was observed only for the organic solvents with lower AN values (e.g., THF and dioxane) and only at the highest content region (≧ 90 vol.%). This somewhat curious sudden "upturn" of the swelling degree was ascribed to break down of the "water bridge" between two carbonyl groups. Such a hydrogen bonding hydration to polar groups may survive in gel phase even in organic solvent-rich region because polar groups prefer interacting with water to those with organic solvent of lower affinities, as represented by the AN values. This water-bridge mechanism for the gel, in fact, has been supported by the concomitant characteristic upturn in the wavenumber of the IR band for the stretching vibration of the C=O group [32] .
In the present study, we report a rather complicated gel swelling behaviour for poly(4-vinyl phenol) (P4VPh) in various kinds of aqueous mixed solvents with increasing solvent content. The behaviour is apparently similar to that of PNIPA gel in aqueous acetone in which a second deswelling also occurs in the highest solvent content region [26] . However, P4VPh gel in aqueous systems shows some distinct features rather different from PNIPA; 1. Super salt-resistivity. P4VPh hydro-gel shows no appreciable deswelling even in saturated solutions of inorganic salts including Na 2 SO 4 , a typical salting-out agent or kosmotrope [34] . 2. High water content (99～ 90 %) irrespective of the inherent hydrophobicity that is judged from the insolubility of the linear polymer in water [35] . 3. Least thermo-sensitivity. In spite of the substantial hydrophobic groups (the benzene ring and the main chain), only a subtle deswelling ( ≦ 10%) occurs with increasing temperature from 10 to 40 0 C [36] .
All these features have been ascribed to a specific stabilization of the hydrations around the polymer chain that may be caused from coexistence of different kinds of hydrations [35] ; 1. Hydrogen-bonding hydration (HBH) to the acidic proton of the phenol OH group. 2.π-hydrogen-bonding hydration (πHBH) to the benzene ring. 3. Hydrophobic hydration (HPH) around the main chain. The first two hydrations are specifically stabilized by anions and cations added, respectively, because the donoracceptor properties of water molecules are strengthened via ionic hydrations. Namely, the ability to donating electron pair of water oxygen can be significantly enhanced via hydration to an anion, which is favourable for the HBH to the acidic proton. In other words, the Donor Number (DN) of water may be increased in the presence of concentrated anions. In a similar way, theπ-HBH is stabilized by cations because the acceptability of water protons, or AN of water, may be enhanced via ionic hydration. These stabilization schema have been, in fact, supported by different kinds of experimental data, such as ab initio calculation for the HBH to the phenol's acidic proton [37] , T 2 values of water proton from NMR measurements for the hydrogel [38] , and analysis of water and hydrations of the polymer segment in gel phase by FT-IR spectroscopy [39] .
These hydrations and interactions among the polar and non-polar moieties of the polymer segment should be perturbed by the presence of organic solvent, which in turn manifests itself as a variation in the swelling degree of the relevant hydro-gel. In the present study we employ various organic solvents of different DN and AN values instead of cations and anions to modify the donor-acceptor properties of the mixed solvents. From such a point of view, we interpret the specific swelling behaviour found in the present study and suggest that the similar scheme may also be applicable for the reentrant swelling behaviour that has been reported for PNIPA and the related gel systems.
Results and discussion

Swelling behaviours of P4VPh and PVA gels
In the present study, swelling behaviours of P4VPh gel in aqueous organic solvent mixtures were observed by employing three kinds of procedures for the sampleimmersion in external solvents; 1. The sequential one, for which same sample was used and the organic solvent content was increased, 2. Its reverse mode, and 3. The discrete one, for which different samples were used for the respective solvent compositions. Results for all of them are shown in Figs. 1 and 2. In Fig. 3 shown are results for PVA gel obtained with the first two immersing procedures. As a common feature of the swelling behaviour of P4VPh gel when the organic solvent content was sequentially increased, a deswelling first occurs and it is followed by a significant swelling and a second deswelling. The second deswelling was only slight for methanol (MeOH), DMSO and dioxane systems (ca. 2 -9%). This rather complicated sequential deswelling-swelling-deswelling pattern was, however, not tracked back in the reverse mode experiments; namely, although the swelling degrees followed nearly a same route as those observed with increasing organic solvent content down to the lowest swelling degrees, they continued deswelling toward a similar d/d 0 value (0.47-0.54) in water. On the other hand, the swelling behaviours obtained by the discrete type experiments were qualitatively the same as those of the sequential ones, except for the lack in the final slight deswelling for MeOH and DMSO systems.
Completely different swelling behaviours were observed for PVA gel; a slight swelling rather than the significant deswelling in the lower solvent content region was followed by a significant deswelling, except for DMSO system where a continuous swelling occurred even in the highest solvent content region.
How are these different swelling behaviours to be interpreted? In principle, polymerpolymer, polymer-solvents (water and organic solvent), and solvents-solvents (waterwater, water-organic solvent, organic solvent-organic solvent) interactions and their balance should determine the dependence of swelling degrees of the pertinent gel on the solvent composition. For the polymer-polymer interaction, one must consider hydrogen-bonding (HB) interactions between the phenol OH groups and the OH-benzene ring (π-HB), hydrophobic interactions between the main chain(s) and the benzene ring(s) in water-rich solvents, π-π stacking between benzene rings, and other common van der Waals interactions. As for the polymer-solvent interactions, or "solvation", one may count HB hydration (HBH) or solvation to the phenol OH, π-HB hydration (πHBH), i.e., solvation to π electrons on the benzene ring, the hydrophobic hydration (HPH) to the main chain and the benzene ring, and van der Waals-type solvation to any moieties of the polymer segment. Needless to say, the gel deswelling occurs when the polymer-polymer interactions totally overwhelm those solvations, and the swelling occurs when the solvations are so stable that the direct polymer-polymer interactions are prevented from serving as a physical crosslinking. Thus, the respective swelling and deswelling events experimentally observed as a function of the solvent composition tell us that the polymer solvation, at least one on some moiety, is stabilized or destabilized, respectively, at the corresponding solvent contents of a given mixed solvent system. The problem here is to identify which solvation and polymer-polymer interaction are mainly responsible for a swelling and a deswelling. Some hints are available from our previous findings; NMR and IR studies strongly suggested that hydration of P4VPh in hydrogel phase is specifically stabilized only when the acidic proton of the phenol OH is least consumed by crosslinking and sufficiently available for hydration [38, 39] . According to the water band analysis of the IR spectra, water HB strength proved to be comparable to or higher than those in bulk water. For the present gel sample, in which at least 85 mol% of the OH group is available for hydration, the "stable" hydration state may be effectively preserved. However, this does not always mean that the hydration is so strong that any polymer-polymer interactions are completely hindered. As a matter of fact, the swelling ability will be almost lost when the pertinent gel was once dried. For the dried gel to reswell, it must be immersed in a basic solution such as NaOH aq. to dissociate the OH groups. Once reswollen, however, a subsequent protonation of the dissociated OH group provides a still highly swollen neutral gel. These experimental observations tell us that some polymer-polymer interactions, at least one, is so strong that the resultant physical crosslinking may not be broken away just by "attack" of water molecules to the relevant interaction site. As a possible candidate for such a strong polymer-polymer interaction, the π-π stacking between benzene rings seems to be most probable. The other interactions such as intermolecular HBs (OH-OH and OH-π ) and hydrophobic bond, of course, may not be neglected as a possible cause for deswelling. Especially, the HB between the phenol OH groups must be stronger than common ones as those for PVA OH groups, because of the former acidity (or more positive charge on the proton and more negative one on the oxygen).
Referring to the above reasoning, we tentatively assign the respective (de)swelling events to (de)stabilization of hydrations (solvations) and the resultant enhancement or weakening of interactions nominated above. First, we consider the initial deswelling observed in the lower organic solvent content region. Since the deswelling occurs by adding a small amount of the respective solvents as 10 vol.% at most, the otherwise stable hydration around the polymer segments must be perturbed by the added solvent. Among the candidates, π-HBH and HPH may be relevant for the deswelling, because the HBH to the polar group or phenol OH must be preferentially hydrated in the presence of such a low level of organic solvents. Then, the π-π stacking and/or the hydrophobic interaction must be responsible for the initial collapse of P4VPh gel. Here we note the distinct feature of the reverse mode experiment that the initial swollen state was never recovered. This means that the collapsed state, the swelling degree of which was the lowest (0.53 -0.57), was never relaxed by addition of water, whereas addition of any organic solvent could almost dissolve the chain compaction to allow the significant swelling in the forward mode experiments. Thus, the π-π stacking seems to be most probable as a main driving force for the initial deswelling. If the hydrophobic interaction was a main cause for the collapse, a similar hysteresis should have been observed for PNIPA gel [40] . This assignment is also supported by the experimental fact that any corresponding deswelling was not observed in the relevant solvent content region for the present PVA gel having no benzene ring.
The next event to be considered is the swelling observed in the medium to high solvent content region (30 -70 vol .% for the set-in of the sharp swelling). In this region, the swelling must be given rise to by increasing the content of a good solvent to the collapsed benzene rings. At the same time, however, the added organic solvents must gradually start to serve as a poor solvent to the OH group and prompt intermolecular HB between the OH groups. Thus, the degree of swelling may be determined by a balance of the good solvency to the less polar groups and the poor solvency to the polar group.
The last one is the second deswelling observed in the highest solvent content region (≧80 -90 vol.%). This must be caused by the poor solvency to the OH group and may be ascribed to intermolecular HB formation between those groups.
By connecting the three events in series, the whole (de)swelling process of P4VPh gel in aqueous organic solvent mixtures with increasing the solvent content may be described as follows; 1. When immersed in water, the hydration around the polymer segment in gel phase is totally stabilized due to the coexistence of different kinds of hydrations. 2. By addition of a small amount of any organic solvent, the polymer hydration, especially weak one such as that to the benzene ring, should be subject to some perturbation to effect the π-π stacking. 3. With a further addition, the organic solvent will become involved with the solvation to the polymer segment after the minimum swelling point where the π-π stacking dominates the gel swelling. With the increase in the solvent content, the stack will dissociate by the favourable solvation to the benzene ring. At the same time, however, it may serve as a poor solvent to the OH group, leading to intermolecular HB formation between them. Thus the balance between the good and poor solvency would determine the maximum swelling degree. 4. In pure solvent, when the poor solvency overwhelms the good one, a significant second deswelling occurs. In this case too, the balance may influence the final swelling degrees.
The above story may, in fact, explain the differences between the swelling behaviours obtained by the sequential immersion experiment and the discrete-type one; in the latter, the swelling in the medium solvent content region occurs at a more concentrated composition than the former in systems containing polar solvents such as EtOH and DMSO. As a second difference, one may note that the maximum swelling degrees of the latter are significantly higher than those of the former, especially in systems of less polar solvents such as acetonitrile and dioxane. As for the late swelling, it may be ascribed to a stronger π-π stacking interaction that was induced by the sudden contact with more concentrated solvent. In the case of direct immersion to a still higher solvent content region, on the other hand, the gel may directly swell without going through the initial deswelling because polymer segments would first encounter organic solvents that act as a good solvent upon immersion into such concentrated mixed solvents. Since the polymer segments did NOT experience the collapsed state, where intermolecular HB formation should concomitantly be favoured, the significantly higher maximum swelling degrees may be ascribed to the absence of physical crosslinking made by the HBs between OH groups.
Correlation with solvent properties
The swelling behaviour found for the present P4VPh gel in the mixed solvents must be correlated with some solvent properties, via indirect interaction such as perturbation on the original hydration of the polymer segment or direct one as a good or poor solvency to some specific sites on the polymer. As a matter of fact, the following three swelling degrees proved to be significantly variable depending on the solvent species; 1. initial deswelling, 2. maximum swelling, 3. that in pure solvent. As for the solvent properties that may have certain correlation with one of those at least, we test three parameters; Gutmann-Mayer's donor number (DN) [41] and acceptor number (AN) [33] , and the so-called solubility parameter (SP). The first two were chosen because the most distinct feature in the monomer structure of P4VPh is the coexistence of the acidic proton of phenol OH and the π-electron system of the benzene ring. As stated in Introduction, the former hydration (solvation) is stabilized by water molecules whose DN is enhanced via ionic hydration onto anions. A similar favourable interaction or solvation may also be expected for organic solvents of higher DN values. The π electron system is, on the other hand, able to form a π-HB with solvents having HB donor, and hence should be stabilized by water whose AN is enhanced via ionic hydration onto cations. Thus, interactions with organic solvents of high AN values would be more favourable. The existence of the π-electron system in the constitution of P4VPh as a "hydrophobic" moiety is unique compared with other common polymers such as PNIPA and PVA, which have only alkyl groups as hydrophobic ones. SP was also selected to see a contribution, if any, from van der Waals interactions between hydrophobic groups including the benzene ring, although SP is generally inapplicable to aqueous systems [42] .
In Figs. 4-6 shown are the plots of swelling degrees (d/d 0 ) at 2 mol%, the maximum values and those in pure solvents against DN, AN and SP, respectively. As a measure of the initial deswelling, we tentatively selected values at 2 mol%, because the minimum values attained after the first deswelling are almost constant irrespective of the solvent species (0.54-0.59). This means that the π-π stacking interaction which drives the gel into the collapsed state is significantly stronger than solvating power of the relevant mixed solvents. As for DN, systems except for 2-PrOH and t-BuOH were plotted because of the lack of original DN values for the solvents [43] .
One may note that the initial deswelling degrees show some correlation with AN as well as SP (Fig.4) , and the maximum swelling degrees (Fig.5 ) and those in pure solvents (Fig.6 ) may be correlated with DN. In order to consider the meaning of those apparent correlations, we first rely on literature compiled on the relevant mixed solvent systems that investigated interactions (e.g.,HB) between component solvents and structures formed (e.g., hydrophobic hydration around nonpolar groups and hydrated cluster formation) depending on the solvent composition [27, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . According to them, a common feature irrespective of the solvent species may be summarized as follows; In the lower content region, organic solvent molecules are buried in hydrophobic hydration cluster and almost lose ability to interact with polymer substrate at their polar group. In the medium content region, solvent-rich cluster and water-rich one coexist. From this region on, direct solvation to polymer starts to be effective. With increasing the solvent content further, water cluster is destroyed and solvent structure approaches to that of pure solvent. On the basis of this transitional change in the solvent structure with concentration, in fact, the reentrant phase separation and gel swelling of PNIPA has been interpreted. In the case of linear PNIPA in aqueous MeOH solution, for example, the polymer is hydrated up to 15 vol.% MeOH and the hydration becomes weaker with increasing the solvent content to 65 vol.% to form intra-and inter-molecular HB between the amide groups, and finally above 65 vol.%, the polymer solvated by MeOH [15] . Roughly conforming to this story, it has been reported that with increasing MeOH content a PNIPA gel at 22 0 C deswelled only to a slight extent (～10 vol.%), then to a significant degree. The gel remained in the deswollen state up to ca.50 vol.%, above which a significant reswelling occurred [5] . We consider that the swelling behaviour of P4VPh gel in aqueous MeOH system is almost similar to that of PNIPA, and the mechanism underlying the initial deswelling and the reswelling may be essentially the same for both gel systems. Namely, as for the initial deswelling, it occurs because the hydration of the relevant polymer segment is perturbed upon addition of MeOH. This perturbation has been ascribed to a dehydration of the polymer, probably hydrophobic one of PNIPA, which is caused by a "stripping off" of the polymer hydration water by MeOH to form the hydrated clusters [13, 17] . However, this seemingly plausible dehydration scheme is, in fact, inconsistent with some experimental results; first, if the initial deswelling observed for PNIPA gel in water/organic solvent mixtures is to be ascribed to a competition for hydration water between the polymer and the added solvent, the deswelling degree must be proportional to the hydration degree of the relevant solvent molecules. According to the literature, the deswelling of PNIPA gel in aqueous EtOH is more significant than in aqueous MeOH [21] . Fig.4 also indicates that the larger the alcohols, the deswelling degrees become more significant. However, interaction of MeOH with water must be more favourable than the larger one with bulky hydrophobic group. In fact, water activity of, e.g., 20 vol.% aqueous MeOH is lower (ca.0.91) than that in aqueous t-BuOH (ca.0.96) [59] . Further, if the competition of water between organic solvent (solute) and polymer were responsible for the initial deswelling, a similar solvent specificity must be observed, in principle, for any kinds of hydro gel systems, such as PVA gel. However, even for THF system, which showed the most significant deswelling for P4VPh gel, a slight swelling was observed in the lower solvent content region. (Fig.3 ) Thus, some other dehydration or perturbation scheme must be in operation.
Here we invoke a series of studies by Koga and his coworkers, who made various experiments such as SAXS and measurements of density, heat capacity, sound speed, and etc, for water/organic solvent mixtures [60] [61] [62] [63] [64] . On the basis of thermodynamic analyses of those experimental data, Koga proposed "Mixing Schemes" in aqueous solutions of non-electrolytes or organic solvents [59] . According to the scheme, solvent molecules in water-rich region enhance the HB network of water in its immediate vicinity (i.e., iceberg formation), while the water HB away from the solute is reduced (Mixing Scheme I). With increasing the solute concentration, the global HB connectivity of bulk water is lost and the solution consists of two kinds of clusters rich in each component (Mixing Scheme II). In the solvent-rich region, solvent clusters exist, the structure of which is almost similar to that of pure solvent, and water molecules interact almost only with the solvent cluster (Mixing Scheme III). These mixing schemes are in fact consistent with the abovecited scheme for the transitional change in the solvent structure with concentration that was deduced from many other experimental studies. Here we note the Mixing Scheme I, especially the effect of the hydrophobic hydration of organic solutes to break the water HB far away. Since such a breakage of water HB should perturb or destabilize the polymer hydration, it can be a cause for the initial deswelling. If it is the case, the initial deswelling degrees of the respective mixed solvent systems should be proportional to the extent of the hydrophobic hydration of organic solvent added. Now we return to Fig.4 and consider the apparent correlation of the initial deswelling and SP. Since SP may not be applicable to water-rich systems as the present case (In fact, SP of 4-methyl phenol as a small molecule analogue of P4VPh is 22 [65] , which suggests that acetone is the best solvent among those used.), the seemingly definite dependence on the solvent SP values must be ascribed to another reason. The order is MeOH > DMSO ≧ EtOH > 2-PrOH ≧ acetonitrile ≧ t-BuOH, acetone > dioxane >> THF. One may realize here that solvent molecules with more carbons tend to be more effective in inducing the initial deswelling. This seems to be consistent with the above expectation that the water HB breakage induced by the formation of hydrophobic hydration may cause the initial deswelling of P4VPh gel, if one notes that OH group among polar groups disturbs hydrophobic hydration most effectively [44] . Thus, the apparent correlation with SP may be observed because SP scales the intermolecular interaction among the pertinent molecules and it should be stronger for molecules having polar groups such as OH that can form a strong bond rather than van der Waals interaction among non-polar groups such as alkyl group.
As contrasted with the initial deswelling, the re-swelling observed in the medium solvent concentration region must reflect some direct interaction of solvents with the polymer segment. Fig.5 shows that the maximum swelling degree has a correlation with DN to some extent, except for MeOH system. As discussed in the previous section, the maximum swelling degrees may be determined by a balance between good or poor solvency for the nonpolar moieties and the acidic proton, respectively. Thus, the observed correlation suggests that the latter solvency, rather than the former one, mainly determines the swelling; Namely, solvents of higher DN would solvate more effectively the acidic proton to break the intermolecular HB that was concomitantly formed upon theπ-π stacking. In fact, this seems to be consistent with an observation that the maximum swelling degrees obtained in the discrete-type measurement are almost constant within ±5% from 1.33 (EtOH and 2-PrOH) to 1.49 (THF), except for MeOH and DMSO for which no maximum was observed. In the discrete-type measurements, the respective gel samples attained the maximum swelling states without passing through the π -π stacking state accompanying the intermolecular HB. Thus, the observed maximum swelling degrees should mainly reflect the solvency to the non-polar moieties, and hence suggests that there exist no significant solvent specificity for the solvency to the nonpolar moieties. On the other hand, the significant downward deviation for MeOH system in the plot of Fig.5 may be ascribed to its low ability to solvate the nonpolar moieties of the polymer due to the molecular structure consisting of a smallest alkyl group (-CH 3 ) and a strongly hydrophilic group (-OH).
Finally, we note the apparent correlation of the swelling degree with DN as shown in Fig. 6 . In this case too, the balance between the solvency to the nonpolar site and that to the acidic proton may be reflected in the swelling degree. Thus, with the same reasoning for the swelling maximum correlation, the almost linear dependence of the swelling degree in the pure solvents on DN may be interpreted. However, one may note that the data for MeOH system is on the "line" in spite of the significant deviation for the maximum swelling degree plot. A similar contradiction may be found for dioxane system, only for which a significant upward deviation was observed in Fig.6.   Fig. 7 . Correlation of the deswelling degree with the difference of DN value. Namely, both systems show an upward displacement in the swelling degree in pure solvent systems compared with the maximum values. Before going for the reason of the deviations, we consider what occurs in the solvation on acidic proton of the OH group in the higher solvent concentration region. At the solvent composition where the maximum swelling was observed, plenty of water molecules still exist in the system, hence the acidic proton would be preferentially hydrated, with a perturbation by the organic solvent to an extent that is proportional to the DN number. With increasing the solvent concentration further, the hydration water must be replaced by the solvent up to the full solvation in the pure solvent system. This process is unfavourable for the acidic proton because DN values of the solvents employed are all lower than that of water (33) . Then, intermolecular HB formation takes place between the phenol OH groups to compensate the unfavourable solvation. Thus, the deswelling degree may be proportional to the DN value. In order to confirm this expectation, the degree of deswelling in the pure solvents relative to the maximum swelling degree, evaluated by {(d) max -(d) pure solvent }/(d) max x 100 (%), was plotted against the difference of DN values with that of water (33) in Fig.7 . In the plot, DMSO, EtOH, THF, acetone, and acetonitrile seem to confirm an increasing trend on a curved line, while MeOH and dioxane systems are significantly deviated downward from the tendency. The deviation for MeOH system has a same origin as that of the maximum swelling degree (Fig.5) . Namely, the solvency of the solvent to the nonpolar moieties is so poor that the solvency to the OH group may not be reflected in the swelling degree. This specificity has also been observed in the discrete type swelling behaviour; the swelling degree for MeOH system is almost the same as that by the sequential immersing experiment, which is contrasted by the significantly higher maximum swelling degrees observed for the other solvents (Fig.2) . This suggests that even if the polymer segment did not experience the collapsed state, or without the HB formation between OH groups accompanying the π-π stacking, MeOH is not able to affect an extra swelling.
On the other hand, the deviation observed for dioxane system may have a different origin. It has been known that the apparent ability of dioxane to donate electron pair is significantly higher than that predicted by the DN value. For example, a solvent specificity for poly(allyl amine) gel swelling in aqueous organic solvent mixtures [66] and that for HB in crystal polyoxometalates that was formed in different solvents [67] both suggested that the donating ability of dioxane is significantly higher than that of acetone in spite of the opposite relation in their DN numbers (14.8 and 17, respectively) . This discrepancy between the DN and the experimental observations may be ascribed to the definition of DN, that is, a molar enthalpy change for complexation between a reference donor (SbCl 5 ) and a relevant solvent in dichloroethane [41] . Since a dioxane molecule has two donor sites, an entropic contribution for such a reaction must be taken into account to estimate the overall ability for electron pair donation. Thus, the availability of two oxygens in a dioxane molecule for HB with the acidic proton of the phenol OH may explain such insignificant deswelling in the pure solvent.
Comparison with PVA and PNIPA gel systems
On the basis of the above more or less speculative interpretation for P4VPh gel, we consider swelling behaviours and solvent specificities of PVA gels that were obtained in the present study and those of PNIPA available in literature. As for PVA, an initial deswelling and the subsequent reswelling were not observed but only a common deswelling appeared in the relatively high solvent content region except for DMSO system. The lack of the initial deswelling may be because the hydration of PVA is not so weak to be perturbed by the breakage of water HB due to introduction of organic solvents into the hydro gel.
One may consider that this rather simple deswelling profile mean that the deswelling mechanism is also simple. However, it is not the case, because an obvious exception was observed in DMSO where the gel appreciably swelled in the higher solvent content region. The monotonous swelling trend may be primarily ascribed to the highest DN among those studied here, and the deswelling observed in the other solvent systems must be due to the lower DN values. However, hydration to alcoholic OH groups such as that of PVA occurs also at the oxygen to a comparable strength as that at the proton. Thus, AN as well as DN should essentially affect the hydration of OH group of PVA. The AN value of DMSO is not high (19.3) , which is comparable to that of acetonitrile (19.3) and much lower than that of MeOH (41.3). This comparison eventually suggests that the solvation around the nonpolar moiety of PVA essentially contributes to the overall swelling behaviour of PVA gel in addition to that of the OH group [68] . In fact, the swelling degree in pure water must otherwise be higher than that in DMSO, because both AN and DN of water are higher than those of DMSO.
The significant hysteresis, which is clearly seen in the swelling curves by decreasing the organic solvent concentration, has been often found for gel systems in which HB is involved in the deswelling process [69, 70] . The tendency for the swelling degree to approach to the initial value in water suggests that the cause for the deswelling in pure solvent is eliminated in water; in other words, the physical crosslinking introduced in poor solvent may be dissociated by water molecules. Such a trend observed for PVA gel, which is in contrast to that found for P4VPh, supports the assignment of the cause for the initial deswelling of P4PVh gel to π-π stacking, because the HB between the OH groups and/or the hydrophobic interaction between the non-polar groups of the relevant polymer would be dissociated by water molecules, just as the case of PVA.
As for PNIPA gel, it shows a similar deswelling-swelling-deswelling sequence with increasing organic solvent content of, e.g., acetone [26] . Thus, the same swelling mechanism seems to be applicable as that proposed for the P4VPh gel systems. Namely, the initial deswelling is not caused by decrease in water molecules available for the polymer hydration due to interaction with added solvent molecules, but by perturbation of the polymer hydration due to breakage of water HB. If the latter were the case, a similar solvent specificity would also be observed for the initial deswelling of PNIPA gel as that for P4VPh. According to an experimental study on the swelling of PNIPA gel in water/aprotic solvent mixtures by Mukae et al. [20] , however, the initial deswelling degrees (W s /W w (g/g), where W s is the mixed-solvent uptake and W w is water uptake in water) at 2 mol% was significant in the order of THF, acetonitrile (both are ca.0.44) > dioxane (ca.0.93) ～ DMSO (ca.0.96). This order is inconsistent with that for P4VPh gel (Fig.4) , especially for AcN and dioxane positions; the former is the second least deswelling system for P4VPh and the latter is the second largest one among the five kinds of aprotic solvents studied. The different solvent specificities between PNIPA and P4VPh gel systems may be ascribed to the difference between the interactions that induce the collapse; For PNIPA, the hydrophobic interaction among the isopropyl groups and the main chain should be responsible for the initial deswelling, while it is caused by π-π stacking of the benzene rings for P4VPh. This comparison suggests that the solvent-induced deswelling of PNIPA gel occurs in a more complicated mechanism than that for P4VPh.
Concluding Remarks
In the present study, we have found a specific swelling behaviour, i.e., a deswellingswelling-deswelling sequence, for P4VPh gel in various kinds of aqueous organic solvent mixtures. We interpreted the swelling profile as a function of the organic solvent content by taking into account both direct and indirect effects of added solvent onto the polymer hydration. Especially for the initial deswelling, we suggested that the breakage of water HB occurring outside of the hydrophobic hydration around the solute is a main cause for the significant gel collapse upon addition of only a small amount of organic solvents. Since the high water content of P4VPh gel is maintained by coexistence of HBH to the acidic proton of phenol OH and π-HBH to the benzene ring, a perturbation of the weaker one or the latter may give rise to a substantial deswelling via π-π stacking. A similar mechanism, that is, some indirect influences of added solvents perturb the polymer hydration to cause the collapse, may also be applicable to other polymers having "unstable" hydration such as PNIPA to explain the initial deswelling.
Our interpretation, which was proposed in the present study, is still a kind of speculation that must be confirmed by some independent experimental studies. An approach by FT-IR spectroscopy is now being undertaken to monitor the supposed π-π stacking and the dissolution as a function of solvent content.
Experimental part
Materials and gel preparation
P4VPh gel was prepared by crosslinking with ethylene glycol diglycidyl ether (EGDGE, Aldrich) [34] as follows; a required amount of P4VPh (M w =22000, Polysciences) was dissolved in 1.0 M NaOH to prepare 20 wt.% solutions. Then EGDGE was added in a mole ratio of 0.075 to the phenol OH. The resultant solution was imbibed into a glass capillary (φ:0.690 mm) to prepare a rod-type gel sample. The reaction was performed at 25.0 0 C for 12 h. Gel samples thus prepared were immersed first in 1.0 mM HCl to assure the undissociated state of the phenol OH group, and then into water to reach the equilibrium swelling at 25.0 0 C. The water content was estimated with an infrared moisture meter (Kett FD-720) to be 93%.
As a reference for P4VPh, poly(vinyl alcohol) (PVA) was used and the corresponding hydro gel was prepared; Crosslinking reaction for a PVA sample (ACROS, M w = 93400, ) was performed by adding EGDGE in a mole ratio of 0.30 to a PVA solution (6.7 wt.%) containing 0.20 M NaOH, at 80 0 C for 12 h. The rod-type gel samples were immersed in water to reach the equilibrium at 25.0 0 C. The water content was estimated to be 97 %.
Organic solvents used were methanol (MeOH), ethanol (EtOH), 2-propyl alcohol (2-PrOH), t-butyl alcohol (t-BuOH), DMSO, acetone, acetonitrile, THF and dioxane (analytical grade, ACROS).
Measurements of gel swelling behaviour in mixed solvents
P4VPh and PVA gel samples were sequentially immersed in aqueous organic solvent mixtures with a 10 vol.% interval (from 0 to 100 vol.%) after the respective equilibriums at 25.0 0 C. Measurements in a reverse way were also made, i.e., from 100 % organic solvent to pure water, just after the forward ones. In addition to these sequential immersion experiments, "discrete-type" measurements were also made by changing the immersing solvent from water directly to the respective organic solvent mixtures. Gel diameter was measured with an optical microscope (Nikon, DIPHOT 200). Gel swelling ratio was defined by d/d 0 , where d and d 0 are gel diameters in a mixed solvent and water, respectively. All the data were obtained after confirming that the gel samples showed no swelling or deswelling with time in the respective mixed solvents, typically in three days. All the measurements were repeated to find essentially same results.
